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Abstract 



, The abundances of alkali elements (Li, Na, and K) were determined from the Li I 6708, Na i 5682/5688, 

' and K i 7699 lines by taking into account the non-LTE effect for 24 sharp- lined A-type stars {ve sin i ^ 



50 km s~^, 7000 K < Tcff ^ 10000 K, many showing Am peculiarities to different degrees), based on high- 
dispersion and high-S/N spectral data secured at BOAO (Korea) and OAO (Japan). We found a significant 
trend that A(Na) tightly scales with A(Fe) irrespective of T^s, which means that Na becomes enriched 
O ' similarly to Fe in accordance with the degree of Am peculiarity. Regarding lithium, A(Li) mostly ranges 

^ I between ~ 3 and 3.5 (i.e., almost the same as or slightly less than the solar system abundance of 3.3) 

^ ■ with a weak decreasing tendency with a lowering of Tcff at T^s ^ 8000 K, though several stars exceptionally 

show distinctly larger depletion. The abundances of potassium also revealed an apparent Teff-dependence 
in the sense that A{K) in late-A stars tends to be mildly subsolar (possibly with a weak anti-correlation 
with A{Fc)) systematically decreasing from - 5.0 (Toff ~ 8500 K) to ~ 4.6 {T^s ^ 7500 K), while those 
for early-A stars remain near-solar around ~ 5.0-5.2. These observational facts may serve as important 
constraints for any theory aiming to explain chemical anomalies of A-type stars. 

Key words: physical processes: diffusion — stars: abundances 
— stars: atmospheres — stars: chemically peculiar — stars: early-type 

1. Introduction Lane & Lester 1987; Varenne & Monier 1999; Gebran 

et al. 2008, 2010; Gebran & Monier 2008; Fossati et 
While elemental abundances in the photosphere of A- al. 2007, 2008) mainly by using subordinate lines (Na i 
type stars, which are of particular interest because of the 5682/5688 or 6154/6160) of moderate strengths (i.e., nei- 
chemical anomalies of various types, have been extensively ther too strong nor too weak), which are less affected by 
studied by a number of investigators so far, those of the al- the non-LTE effect. However, Na abundance determina- 
■ kali elements (Li, Na, and K) are barely known even nowa- tions in A-type stars conducted so far are restricted to 
days, despite of their importance in stellar spectroscopy. sharp-lined late-A stars (Toff ^ 8500 K) as well as F-type 
This is presumably due to the fact that these elements stars, and thus Na compositions of early-A through late-B 
(with one valence electron weakly bound) are character- stars (Tgg ^ 8500 K) remain essentially unexplored, except 
ized by fairly low ionization potential (~ 4-5 eV) and most for our previous non-LTE investigations for the very bright 
of them are ionized in the atmospheric condition of early- stars of Sirius (Takeda & Takada-Hidai 1994) and Vega 
type stars, leaving only a tiny fraction as neutral. Since (Takeda 2008; hereinafter refereed to as Paper I), and the 
detecting spectral lines of the dominant ionized species is recent LTE studies of Fossati et al. (2009) for two sharp- 
almost hopeless (because of the closed-shell configuration lined late-B stars (21 Peg and tt Get). Recently, Takeda 
requiring vary large excitation energy), one is obliged to et al. (2009; hereinafter referred to as Paper II) carried 
measure the very weak lines of neutral species (Li i, Na i, out an extensive non-LTE analysis of Na i resonance D 
K i). Thus, the necessity of using sufficiently high-S/N lines at 5890/5896 A for a large (122) sample of A-type 
spectra must have hampered past researchers from inves- stars (7000 K ^ Teff ^ 10000 K) including rapid as well 
tigating the abundances of these elements. as slow rotators, with an aim to establish their Na abun- 
Still, sodium has been comparatively well studied (e.g., dance behaviors in general. Unfortunately, however, since 



^ the D lines are so strong and the resulting abundances are 

Based on data collected at Bonyunsan Optical Astronomy . , ... , . i i , i • /■ • ; i 

Observatory (KASI, Korea) and Okayama Astrophysical quite sensitive to the microturbulent velocity ^ , it turned 

Observatory (NAOJ, Japan). Out that ambiguities in the choice of ^ (which is likely to 
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be depth-dependent and difficult to assign a value rele- 
vant for the high-forming strong D lines) prevented from 
precise sodium abundance determinations. 

Almost the same situation holds for lithium: 
Determinations of Li abundances in A-type stars 
have been essentially restricted to late-A stars with 
Tefi < 8500 K (e.g., Burkhart & Coupry 1991a, 1991b, 
1995, 2000; Burkhart et al. 2005; North et al. 2005), 
while early-A stars {Tes ^ 8500 K ) remain practically 
untouched. Admittedly, this is a very difficult and chal- 
lenging task, as the Li i 6708 line considerably weakens 
as Teff becomes higher. The work of Paper I may be 
counted as an exceptional case, where the Li abundance 
of Vega could somehow be evaluated from the very 
weak Li i 6708 line (EW ^ 1 mA) based on a spectrum 
of ultra-high S/N ratio. Coupry and Burkhart (1992) 
reported the EW{Li i 6708) of o Peg (a well-known very 
sharp- lined early-A star) to be 1.3 mA, which was used 
in Paper I (cf. Appendix A therein) to argue that the 
Li abundance of o Peg is almost consistent with the 
solar-system composition. However, as will be shown 
in this paper (cf. subsection 4.2), we consider that 
their measurement is an erroneous overestimation and 
Li is definitely underabundant in o Peg. This example 
well illustrates the enormous difficulty of Li abundance 
derivation in hot A-type stars. 

Investigations of potassium abundances are even more 
lacking. As for late-A stars (Toff ^ 8500 K), it is (to our 
knowledge) only the study of Fossati et al. (2007) that 
reported the K abundances of late-A and Am stars in the 
Praesepe cluster, though their neglect of the non-LTE ef- 
fect (which may be significant for such a resonance line 
as K I 7699) prevented from obtaining reliable results (cf. 
subsection 4.4 therein). Meanwhile, almost nothing has 
been reported so far regarding the potassium abundances 
in early-A stars, except for Paper I where Vega's K abun- 
dance could be successfully established. 

It is thus evident that our current knowledge on the 
behaviors of alkali-element abundances in A-type stars 
is considerably insufficient. Given this situation, we 
decided to carry out a systematic spectroscopic study 
aiming at establishing the photospheric abundances of 
Na, Li, and K for an homogeneous sample of A-dwarfs 
(7000 K < Teff < 10000 K) based on the spectral data 
of high quality. Since measurements of very weak lines 
are concerned in the present case (especially for early- 
A stars), we had to confine ourselves only to sharp-lined 
stars (wosini ^ 50 km s'^). This inevitably leads to 
the inclusion of a number of Am stars (metallic-lined A 
stars), which are characterized by deficiencies in compar- 
atively light elements (C, N, O, Ca, Sc) as well as ex- 
cesses of heavier elements (such as Fe-group or neutron- 
capture elements), since Am peculiarities are preferably 
observed in slow rotators (such as frequently seen in bina- 
ries). Accordingly, the purpose of this paper is to clarify 
and discuss the behaviors of Na, Li, and K abundances in 
slowly-rotating A-type stars based on the results of our 
analysis, while paying attention to the possible connec- 
tion (if any exists) between these alkali elements and the 



appearance/degree of Am anomalies. 

2. Observational Data and Fundamental 
Parameters 

2.1. Targets and Their Spectra 

We selected 21 sharp-lined stars^ satisfying UoSini ^ 
50 km s~^ from 122 A-type stars, studied in Paper II, 
where Na i 5890/5896 D lines were analyzed based on 
the spectra {R ~ 45000 and S/N ratios of a few hun- 
dreds) obtained by using BOES (Bohyunsan Observatory 
Echelle Spectrograph) attached to the 1.8 m reflector at 
Bohyunsan Optical Astronomy Observatory (BOAO). We 
call these 21 stars as "BOAO sample." See section 2 of 
Paper II (and electronic table E therein) for more details 
about these observational data. 

Besides, in order to augment the spectral data for carly- 
A stars for which very high-quality is required to measure 
very weak lines of neutral alkalis, we also used the spec- 
tra of 7 bright sharp-lined stars (tt Dra, a Lyr, a CMa, 
7 Gem, 15 Vul, 68 Tau, and o Peg), which were ob- 
served with the HIDES spectrograph (High Dispersion 
Echelle Spectrograph; Izumiura 1999) attached to the 
1.88 m reflector at Okayama Astrophysical Observatory 
(OAO). While the data of a Lyr were taken from the 
digital atlas (based on the observations carried out on 
2006 May 1-4) published by Takeda, Kawanomoto, and 
Ohishi (2007) as in Paper I, those for the remaining 6 
stars were secured by the observations on 2008 October 4 
(15 Vul, 68 Tau, o Peg), October 7 (a CMa, 7 Gem), and 
October 8 (tt Dra). These 2008 OAO data, which cover the 
wavelength range of 4100-7800 A with three mosaicked 
CCDs of 2Kx4K pixels, have high spectral resolution 
{R ~ 100000) and very high S/N ratio (typically - 1000, 
or even higher for the very bright a CMa and 7 Gem). 
We call these 7 stars as "OAO sample." Note that the 
following 4 stars are common to both of the BOAO and 
OAO samples: HD 172167=a Lyr, HD 48915=a CMa, 
HD 47105=7 Gem, and HD 27962=68 Tau. Accordingly, 
the actual (net) number of the targets is 24 (=21 + 7 — 4). 
The list of these program stars is presented in table 1. 

2.2. Atmospheric Parameters 

Regarding the effective temperature (Tcs) and the sur- 
face gravity (log g) of each program star, we simply 
adopted the values used in Paper II for 21 BOAO sample 
stars (including 4 OAO samples in common). As for the 
remaining 3 OAO stars, those for 15 Vul and o Peg were 
determined photometrically from Stromgren's b~y, ci, 
and mi colors along with the /? index by using Napiwotzki 
et al.'s (1993) calibration (as in Paper II; cf. subsection 
3.1 therein), while the values derived by Adelman (1996) 
were adopted for tt Dra (since color data were not avail- 
able for this star). The final values of Tes and logg are 
summarized in table 1. As can be seen in figure 1, where 

^ We discarded HD 112185 (e UMa; magnetic Ap star) and 
HD 40932 {fj, Ori; double-lined binary) because of their appar- 
ently unusual spectra, despite that these two stars have Vosini 
values less than 50 km s^^. 
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Fig. 1. Plots of the program stars on the theoretical HR 
diagram (log(L/L0) vs. logTcff), where the bolometric lumi- 
nosity (L) was evaluated from the apparent visual magnitude 
with the help of the new Hipparcos parallax (van Leeuwen 
2007) and Flower's (1996) bolometric correction. Circles (red) 
— late A-type stars with T^g < 8500 K, squares (blue) — early 
A- type stars with T^g > 8500 K. Yellow dots (•) and crosses 
(-|-) are overplotted for classical Am stars (i.e., those clas- 
sified as "Am" in the spectral type given in the Bright Star 
Catalogue; cf. table 1) and Vega-like stars, respectively, in or- 
der to discriminate them from others. Theoretical evolution- 
ary tracks corresponding to the solar metallicity computed by 
Girardi ct al. (2000) for six different initial masses are also 
depicted for comparison. 

the targets are plotted on the theoretical HR diagram, the 
mass values of the program stars range between ~1.5 Mq 
and ~3 Mq. The model atmospheres for each of the 
stars were constructed by two-dimensionally interpolating 
Kurucz's (1993) ATLAS9 model grid in terms of T^g and 
log (7, where we exclusively applied the solar-metallicity 
models as in Takeda et al. (2008a) as well as Paper IL 
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2.3. Rotational Velocity, 
Abundances of 0/Fe 

Since we need to clarify the characteristics (e.g., param- 
eters such as rotation or atmospheric turbulence, degree 
of abundance peculiarities) of our sample stars, a syn- 
thetic spectrum fitting analysis based on Takeda's (1995) 
best-fit solution search algorithm was applied to the 6146- 
6163 A region, in order to establish the projected rota- 
tional velocity (woSinz), microturbulent velocity disper- 
sion (^), and the abundances of iron and oxygen [A(Fe) 
and A{0)\ both are good indicators of Am anomaly; cf. 
Takeda and Sadakane (1997)] (along with that of Na as 
a by-product), similarly to what was done in Takeda et 
al. (2008a; cf. section IV therein) and Paper II (cf. sub- 
section 3.2 therein). Actually, we varied seven free pa- 
rameters ^, WeSini, A(0), A(Na), A(Si), A(Ca) and A{Yc) 
to accomplish the best fit, where the non-LTE effect was 
taken into account for O (as in Takeda et al. 2010) as well 
as for Na (as in Paper II). The adopted atomic parameters 
of important O, Na, and Fe lines relevant to this region 
are given in table 2. The instrumental broadening corre- 
sponding to the spectral resolving power was also taken 
into account, since sharp-lined stars are concerned here. 

Since we could not find a reasonable ^ solution for the 
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Fig. 2. Synthetic spectrum fitting at the 6146-6163 A re- 
gion while varying J, «esini, ^(O), A(Na), A(Si), ^(Ca) and 
A(Fo). The best- fit theoretical spectra are shown by solid 
lines, while the observed data are plotted by symbols. For 
each of the BOAO sample and OAO sample, the spectra are 
arranged (from top to bottom) in the descending order of 
He sin i as in table 1, and an offset of 0.1 is applied to each 
spectrum relative to the adjacent one. 

following five BOAO cases (i.e., stabilized at an appar- 
ently unreasonable value, or any convergence could not 
be accomplished), we assumed an appropriate ^ value as 
fixed and repeated the iterations until convergence. ^ = 
2.5 km s-i (Adelman 1996; Monier 2005) for HD 95418, 
^ = 2.1 km s-i (Cahskan & Adelman 1997) for HD 43378, 
^ = 3.0 km s-i (Sadakane 2006) for HD 218396, $ = 
3.9 km s~^ (from the analytical formula derived by Takeda 
ct al. 2008) for HD 204188, and ^ = 2.53 km s"! (^ so- 
lution from the OAO spectrum) for HD 48915. The fi- 
nally adopted results of ^, UoSinz, ^6i(Fe) ^6i(0), are 
presented in table 1 as well as in the electronic table E 
(where A6i(Na) is also given). How the theoretical and 
observed spectra match each other with the converged so- 
lutions of these parameters is shown in figure 2. 

In figure 3, the resulting A{0) and ^(Fe) values are 
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plotted against WcSinz and Tcff, and their mutual corre- 
lation is also displayed.^ Wc can sec from these figures 
that the underabundance of O and the overabundance of 
Fe (both are the characteristics of Am peculiarities) are 
surely anti-correlated (figure 3c) and their weak Vc sin i- 
dependence is recognized (figures 3a, b) even in such a 
small range of VeS'mi (i.e., larger anomaly for slower ro- 
tators; cf. Takeda & Sadakane 1997). We also notice 
that two stars (HD 218396 and HD 172167=Vega) are 
apparently metal-deficient ([Fe/H]^ —0.5), showing the 
abundance charateristics of Vega-like stars (cf. Sadakane 
2006), which are presumably related to A Boo stars (see, 
e.g., Paunzen 2004 and the references therein). It is in- 
teresting that these two appear to follow the O vs. Fe 
anti-correlation trend exhibited by Am stars, despite that 
interaction with interstellar clouds (cf. Kamp & Paunzen 
2002; Paunzen et al. 2002) is becoming a promising mech- 
anism for explaining the A Boo phenomenon (instead of 
the diffusion process being considered as the standard the- 
ory for Am stars). Regarding the microturbulence, the ^ 
vs. Tes relation depicted in figure 3e implies that the ^ 
values resulting from the 6146-6163 A fitting are consis- 
tent with the analytical formula proposed by Takeda et 
al. (2008a) (which was invoked in Paper II). 

2.4- Parameter Uncertainties and Their Impact on 
Abundances 

In the next section (section 3) wc will derive not only the 
abundances (of Na, Li, and K) but also the relevant abun- 
dance errors in response to the possible ambiguities in 
the adopted atmospheric parameters, where we estimate 
±300 K, ±0.3 dex, and ±30% as the typical uncertainties 
in the absolute values of Tes, logg, and ^, respectively. 
While the internal errors of our color-based Teg and \ogg 
are ~ 200 K (2.5%) and 0.1 dex according to Napiwotzki 
et al. (1993; cf. section 5 therein), we assumed somewhat 
larger ambiguities than these in view of the comparison 
with various published values (cf. section IV-c in Takeda 
et al. 2008a). The uncertainty in ^ was estimated from 
the dispersion^ in the ^ vs. Toff relation (figure 3f). 



The reference standard abundances indicated in figures 3, 5, 
8, 10, and 11 in this paper are the solar photospheric abun- 
dances (solar-system meteoritic abundance only for Li) taken 
from Grevesse and Noels (1993; for Li, O, Fe) and Anders and 
Grevesse (1989; for Na, K). 

This amount of dispersion (~ 30%) is regarded as a typical ambi- 
guity in 5, which can also be recognized by comparing various § 
values published so far (see, e.g., figure 1 in Coupry & Burkhart 
1992; figure 2 in Gcbran & Monicr 2007). Yet, apart from this 
intrinsic dispersion, our J values tend to be somewhat larger 
than the previously reported results (usually based on EW val- 
ues of Fe lines of various strengths). For example, our figure 3f 
suggests that the maximum ^ attained at mid-A type is ~ 4— 
5 km s~^, while it is ~ 3 km s~^ in figure 2 of Coupry and 
Burkhart (1992); also, our f results are systematically higher 
by ~ 1 km s^^ with those of Landstreet et al. (2009), where 5 
stars (68 Tau, 7 Gem, a CMa, 15 Vul, and o Peg) are in common 
with our sample. We suspect that this may be due to a depth- 
dependence of 5 decreasing with height (cf. section 5 in Paper 
II). That is, our ^-determination (based on 6146-6163 A fitting) 
tends to reflect the physical condition in deeper layers (larger §) 
because of being mainly controlcd by the deep-forming O I 6155- 
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Fig. 3. Characteristics and mutual correlations of the abun- 
dances/parameters derived from the 6146-6163 A region fit- 
ting, given in table 1. (a) A(0) (non-LTE oxygen abundance) 
vs. -Uosini (projected rotational velocity), (b) j4(Fe) (LTE 
iron abundance) vs. UeSini, (c) A(0) vs. A(Fe), (d) A{0) 
vs. Tcff, (e) yl(Fe) vs. Tgg, and (f) ^ (microturbulence) vs. 
Teg. Circles (red) and squares (blue) correspond to stars with 
T(,ff < 8500 K, and those with T^ff > 8500 K, respectively, 
where BOAO (smaller symbol) and OAO (larger symbol) re- 
sults are discriminated by the symbol size. As in figure 1, (yel- 
low) dots and crosses are overplotted for classical Am stars 
and Vega-like stars, respectively. The reference solar abun- 
dances are indicated by dashed lines in panels (a)-(e). In 
panel (f), the analytical approximation derived in Takeda et 
al. (2008a), ^ = 4.0exp{-[log(Toff/8000)/A]2} km s-i (where 
A = [log(10000/8000)]/yin2), is also depicted by the dashed 
curve for comparison. 
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Since resonance lines of alkali elements with low- 
ionization potentials are concerned in the present case, 
it is comparatively easy to understand (at least qualita- 
tively) how the abundance is affected by changing each 
parameter. That is, since almost all atoms are in the 
ground state of the first-ionized (closed-sheU) stage, and 
only a small fraction of them remain neutral, the number 
population of the ground level of the neutral atoms (ni, 
which is proportional to the line opacity /) is expressed 
as ni oc e9^/'^nel0^^^ according to Saha's equation (e is 
the abundance, 9 = 5040/T, xi is the ionization potential 
(~ 4-5 eV), and is the electron density). Then, the 
dependence of the line-opacity (/) upon 9es{= 5040/Toff) 

and g may be written as / oc eO'^l^ 10^^^"" where we put 
9 ~ 9eS and used the approximation rio oc (a ^ 1/3-2/3 
depending on T^e', see, e.g.. Gray 2005). Consequently, 
the abundance (e) resulting from a given equivalent width 
is strongly dependent upon 6'cff as e oc 9~g^^l0~^'^''" be- 
cause of the exponential factor (i.e., e increases as T^s be- 
comes higher). The logg-dependence is somewhat more 
complicated because the effect of the continuum opacity 
(k) has to be taken into consideration. For late A-type 
stars of comparatively lower Toff 7000-8000 K), 
opacity is still important and k has almost the same g- 
dependence as /; thus the abundances turn out rather in- 
dependent on g because of the cancellation in the I / n ra- 
tio determining the line strength (cf. Takeda et al. 2002). 
Meanwhile, for early A stars of higher T^g where Paschen 
continuum opacity of neutral hydrogen is dominant, g- 
dependence in I directly reflects the line strength and the 
abundance scales as e oc g~" (i.e., e decreases as \ogg be- 
comes higher). Finally, regarding the effect of ^ (e tends to 
decrease with an increase in ^), the abundance results are 
practically inert to any change in ^, since weak lines in the 
linear part of the curve of growth are concerned in most of 
the present cases (though only the Na abundances derived 
from Na i 5688 line for late A stars with Tcff < 8000 K ex- 
ceptionally show some appreciable ^-dependence; cf. fig- 
ure 5f). We will show in section 3 that these expected 
trends can be actually confirmed by actual calculations 
(cf. figures 5, 8, and 10). 

3. Abundance Determinations 

3.1. A(Na) from Na I 5682/5688 fitting 

The abundances of Na (A6i(Na)) were already obtained 
from the fitting analysis in the 6146-6163 A region (in- 
cluding Na I 6154/6160 lines) as described in subsection 
2.3, which are given in electronic table E. However, while 
the Na i 6154/6160 lines are quite suitable for Na abun- 
dance determination for late-A stars, they become con- 
siderably weak as Tog becomes higher and the accuracy 
of A6i(Na) may be comparatively low at early- A stars, 
especially for the non-metal-rich case (actually, A6i(Na) 
of HD 172167=Vega in the BOAO sample could not be 

8 triplet lines of high excitation, while the conventional method 
using EWs of high-forming strong lines may yield comparatively 
lower ^. 
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determined; cf. note 1 in electronic table E). 

We therefore decided to determine the Na abundances 
from the spectra in the 5680-5690 A region including the 
Na I 5682/5688 lines (stronger than Na i 6154/6160 while 
not too strong to be seriously sensitive to ^). As done for 
the 6146-6163 A region, we applied the fitting procedure 
to the 5680-5690 A portion of the spectrum, where the 
telluric lines had been removed by dividing by the spec- 
trum of a rapid rotator (cf. Paper I, Paper II). We varied 
five abundance parameters of A(Na), A(Si), A(Sc), A{Fe) 
and j4(Ni) to obtain the best fit, while taking into ac- 
count the non-LTE effect for Na as in Paper II (cf. table 
2 for the atomic parameters of Na i 5682/5688). How the 
theoretical and observed spectra match each other with 
the converged solutions of these parameters is shown in 
figure 4. The resulting sodium abundances, A56(Na), are 
given in table 1. Besides, as analysis- related quantities, 
the equivalent widths {EW) inversely computed from the 
abundance, the corresponding non-LTE corrections (A), 
and the abundance variations {5) in response to each of 
the perturbations in Teff (±300 K), \ogg (±0.3 dex), and 
^ (±30%), which were computed for the Na i 5688 line 
following the procedure described in Paper II (cf. subsec- 
tions 4.3 and 4.4 therein), are plotted against Toff in figure 
5. The {EW, A, 5) results for both Na i 5682 and 5688 
lines arc also presented along with j456(Na) in electronic 
table E. 

The comparison of the two sodium abundances 
[A6i(Na) and A56(Na)] derived from different re- 
gions/lines is displayed in figure 6. We can see from this 
figure that the agreement is good especially for late-A 
stars (red circles). The star showing the largest departure 
(~ 0.4 dex) is Vega (OAO sample) where A6i(Na) = 5.63 
and j46i(Na) = 6.05 were derived, which is due to the 
low accuracy of A^i caused by the extreme weakness of 
Na I 6154/6160 lines in this star (cf. figure 3 in Paper I)."* 
We hereafter adopt Asg (Na) as the representative sodium 
abundances which we will discuss in subsection 4.1. 

3.2. A (Li) from Li I 6708 equivalent width 

We derived the abundance of Li from the EW of the 
merged Li i doublet feature at ~ 6708.8 A. Since very 

" This result for Vega (Asi (Na) = 5.63) based on the 6146-6163 A 
region fitting is considerably different from the i?l4^-based value 
of 6.26 (= 6.36 — 0.10; cf. table 1 in Paper 1), despite that both 
are based essentially on the same lines and the same non-LTE 
corrections. We understand that the reason for this marked dis- 
crepancy is the erroneous underestimation of the 6146—6163 A 
fitting-based result (5.63) in this study. Namely, while the syn- 
thetic fitting method applied to a spectrum extending over some 
range (e.g., ~ 10 A) is generally useful for simultaneous determi- 
nations of several elements at a time, it is not suitable for such 
a case where extremely weak line features are under question. 
That is, even a slight fluctuation of the continuum level can be 
a crucial source of error, because an appropriate adjustment of 
the local continuum is impossible in such a global spectrum syn- 
thesis. Accordingly, when one has to derive an abundance from 
an extremely weak line, the classical line-by-line EW analysis 
(adopted in Paper I) should be preferable. This is actually the 
reason why we adopted the classical EW-hased abundance de- 
termination for Li and K, because the lines of those elements 
become very weak in early-A stars. 
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5680 5682 5684 5686^5688 5690 
Wavelength (A) 



Fig. 4. Synthetic spectrum fitting at the 5680-5690 A region 
while varying VeS'mi, A(Na), A(Si), A(Sc), A(Fe), and /l(Ni). 
The best-fit theoretical spectra are shown by solid lines, while 
the observed data are plotted by symbols. Otherwise, the 
same as in figure 2. 
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Fig. 5. Sodium abundances derived from the synthetic spec- 
trum fitting in the 5680-5690 A region, along with the abun- 
dance-related quantities specific to the Na I 5688. 2f line, plot- 
ted against Tgff. (a) EWsess (equivalent width), (b) Asggg 
(non-LTE correction), (c) A(Na) (non-LTE sodium abun- 
dance), (d) 5t+ and St— (abundance variations in response 
to Toff changes of -1-300 K and —300 K), (e) 5g+ and Sg- 
(abundancc variations in response to logg changes of -1-0.3 dex 
and —0.3 dex), and (f) <5^^ and (abundance variations in 
response to perturbing the standard ^ value by ±30%). See 
subsection 2.4 for the description on the parameter uncertain- 
ties. The signs of S's are > 0, < 0, (5g_|_ < 0, (5g_ > 0, 
< 0, and > 0. The meanings of the filled symbols are 
the same as in figure 3. 



weak lines are generally concerned, EW measurements 
were carried out by the Gaussian fitting while comparing 
the spectrum on the computer screen with the theoretical 
spectrum synthesized with the known sin i as well as 
appropriately varied ^(Li), by which we tried to minimize 
the possibility of erroneous measurement. 

In case we could not detect any suitable feature at 
the expected position, we gave up determination of EW. 
Actually, we were unable to specify EW{6708) for about 
~ 50% of the targets (13 out of the 21 BOAO sample and 
2 out of the 7 OAO sample). In such cases, only the upper 
limit values were derived by the formula 

EW^^ 



k X FWHM/(S/N) 



(1) 



(cf. Takeda & Kawanomoto 2005). Here, FWHM was 
estimated from the root-sum-square of (i) the rotational 
broadening Wy{c^ 2 x 0.78 WoSini A/c) (cf. footnote 12 
of Takeda et al. 2008b), (ii) the approximate separa- 
tion of the doublet (i(~ O.ISA), and (iii) the instrumental 
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Fig. 6. Comparison the (non-LTE) sodium abundances de- 
rived from the 6146-6f63 A fitting [A(Na)'^^] and those from 
the 5680-5690 A fitting [A(Na)56; finally adopted in this 
study]. The same meanings of the symbols as in figure 3. 
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Fig. 7. [Left panel] Observed spectra (symbols) in the 
6703-6713 A region comprising the Li I 6708 line. For each of 
the BOAO and OAO samples, the spectra are arranged in the 
descending order of Vasini and shifted by 0.02 relative to the 
adjacent one. The Gaussian profiles fitted for EW measure- 
ments (when measurable) are depicted by solid lines. [Right 
panel] Spectra of seven OAO sample stars as given in the 
lower region of the left panel, but with the magnified vertical 
scale for the purpose of recognizing very weak features. 

broadening it;i(~_RA/c) (i?: spectrum resolving power), as 
FWHIVI = (wf +tP -l-u;?)^/^, and k was assumed to be 2 
according to our experience. The actual measurements of 
EW {6708) were carried out on the "smoothed" spectrum 
after applying the 9-pixel boxcar function to the original 
spectrum in order to reduce the effect of noise. ^ Figure 7 
displays how the Gaussian fitting for measuring EW was 
done in the relevant Li i 6708 region of the spectra. 

Then, based on such evaluated EW (or EW^^) and 
the model atmosphere along with the non-LTE departure 
coefficients (appropriately interpolated from the precom- 



While how this smoothing process can improve the appearance 
of the spectrum is demonstrated in figure 6 of Paper I, the EW 
value (0.7 mA) of a Lyr at that time was actually measured 
in the "original" spectrum. In this study, however, the mea- 
surement was done on the "smoothed" spectrum, which is the 
reason for the appreciably larger value (1.2 mA) derived for this 
star in spite of the use of the same spectrum data of Takeda et 
al. (2007). This fact implies the difficulty in evaluating EW 
of extremely weak line feature, which is subject to considerable 
uncertainties. 
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Fig. 8. Lithium abundances, along with the abundance-re- 
lated quantities specific to the Li I 6708 line (compris- 
ing several components), plotted against Tgg. (a) EVKgyos 
(equivalent width), (b) Agyog (non-LTE correction), (c) 
A(Li) (non-LTE lithium abundance). The meanings of panels 
(d),(e), and (f) are the same as in figure 5. See the caption 
of figure 3 for the differences in type and size of the filled 
symbols (circles and squares) as well as for the meanings of 
overplotted dots and crosses. The open (inverse) triangles in- 
dicate the upper limit values for the non-detection cases. In 
panel (f), the extents of <5^ are so small (because of the ex- 
treme weakness of the line) that they are hardly recognizable 
to eyes. 

puted ones on a model grid; cf. Takeda and Kawanomoto 
2005 for more details of the non-LTE calculations), ^(Li) 
(non-LTE abundance) or its upper limit was determined 
for each star (see table 2 for the adopted atomic param- 
eters) as given in table 1. Besides, in the similar manner 
as in subsection 3.1, we also computed the corresponding 
non-LTE corrections (A), and the abundance variations 
(S) in response to perturbations of the atmospheric pa- 
rameters. These [EW, A, A(Li), 6] results are plotted 
against Toff in figure 8, which are also presented in elec- 
tronic table E. 

3.3. A(K) from K I 7699 equivalent width 

Regarding the abundance of K, we exclusively invoked 
the K 1 line at 7698.97 A, since the alternative line of 
the doublet at 7664.91 A tends to be severely influenced 
by strong telluric lines. Its EW was measured on the 
spectrum (in which telluric lines in the neighborhood had 
already been removed by dividing by that of a rapid ro- 
tator as in Paper I) in the same way as the case of the 
Li I 6708 line (cf. subsection 3.2). If the line failed to 
be detected (4 stars among the 21 BOAO sample), we es- 
timated the upper limit [EW^^) following equation (1), 
where FWHJVI = {w"^ -I- wf)^/^ in this case. Figure 9 dis- 
plays how these measurements were done in the relevant 
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Fig. 9. Observed spectra (symbols) in the 7694-7703 A re- 
gion eomprising the K I 7699 line. For each of the BOAO and 
OAO samples, the spectra are arranged in the descending or- 
der of DeSini and shifted by 0.1 relative to the adjacent one. 
Otherwise, the same as in figure 7. 

K I 7699 region of the spectra. 

Based on such evaluated EW along with the non-LTE 
departure coefficients (appropriately interpolated from 
the precomputcd ones on a model grid; cf. Takeda et al. 
1996 for more details of the non-LTE calculations), the 
non-LTE K abundance (A(K)) or its upper limit was de- 
termined for each star (with the atomic parameter of the 
line in table 2), as given in table 1. These results of EW 
and ^(K), along with the corresponding non-LTE correc- 
tions (A) and the abundance variations {S) in response to 
perturbations of the atmospheric parameters, are plotted 
against T^n in figure 10, and are also presented in elec- 
tronic tabic E. 

4. Discussion 

We are now ready to answer the questions which moti- 
vated this study (cf. section 1): "How do the abundances 
of Na, Li, and K behave in sharp-lined A-type stars? How 
arc they related with the Am peculiarities frequently seen 
in slow rotators of this Toff range?" In figure 11 are plot- 
ted the resulting [^(Na), ^(Li), and ^(K)] against A(Fe) 
and VcSini (determined in subsection 2.3), both of which 
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Fig. 10. Potassium abundances, along with the abun- 
dance-related quantities specific to the K I 7698.97 line, plot- 
ted against Teff. (a) EW7699 (equivalent width), (b) A7699 
(non-LTE correction), (c) A(K) (non-LTE potassium abun- 
dance). The meanings of panels (d),(e), and (f), as well as 
the discriminations of the symbols are the same as in figure 



are the key quantities closely connected with the Am phe- 
nomenon. Based on this figure as well as figures 5c, 8c, and 
10c (showing the Toff-dependencc) , the abundance char- 
acteristics of these elements are discussed in the following 
subsections, where we also compare the observed trend 
with the theoretical prediction from the atomic diffusion 
theory by Richer, Michaud, and Turcotte (2000) as well 
as Talon, Richard, and Michaud (2006). 

4-.1. Sodium 

Regarding Na, we notice in figure 11a a significant trend 
of remarkably tight correlation between A(Na) and A(Fc). 
Actually, a slight UcSini-dependence in A(Na) (similar to 
that seen for A(Fe) in figure 3b) is observed in figure 11a'. 
Since A(Fe) is known to be one of the Am indicators in 
the sense that larger overabundance of Fe is accompanied 
by stronger Am stars, this observational fact means that 
Na behaves in accordance with Fe (i.e., the excess of Na 
is a measure of Am anomaly just like that of Fe). 

While Na abundances of Am(-I-Fm) and normal A(-|-F) 
stars (though mostly restricted to those with Toff ^ 
8500 K) in the field as well as in open clusters have been 
reported by several recent studies based on Na i 5683/5688 
or 6154/6161 lines being less sensitive to non-LTE ef- 
fects (e.g.. Lane & Lester 1987; Varenne & Monier 1999; 
Gebran et al. 2008, 2010; Gebran & Monier 2008; Fossati 
et al. 2007, 2008), nobody seems to have explicitly men- 
tioned this trend. However, an inspection of the results 
of these papers suggests tendencies of (i) moderately su- 
persolar [Na/H] and (u) [Na/H](Am) > [Na/H] (normal 
A). Therefore, the existence of this positive correlation 
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Fig. 11. The abundances of Na, Li, and K plotted against 
the Fe abundance (left panels; a, b, c) and the projected ro- 
tational velocity (right panels; a', b', c'). The reference solar 
abundances (solar system abundance for the case of Li) are 
indicated by dashed lines. The meanings of the filled symbols 
(as well as the overplotted dots and crosses) are the same as in 
figure 3, while the open (inverse) triangles indicate the upper 
limit values for the non-detection cases. 

between [Na/H] and [Fe/H] appears almost certain. 

From a theoretical point of view, however, such a con- 
formance behavior between Na and Fe has never been pre- 
dicted by any element segregation simulation designed for 
explaining Am peculiarities such as that of Richer ct al. 
(2000) or Talon ct al. (2006), which suggests that [Na/H] 
remains almost solar or even slightly subsolar in spite of 
an appreciable overabundance of [Fc/H] (cf. figure 14 of 
Richer et al. or figure 16 of Talon et al.). Therefore, the 
current diffusion theory (considered to be most promising 
for understanding the Am phenomena) is evidently imper- 
fect at least in terms of Na, which remains to be improved. 
Here, the Na-Fe correlation revealed in this study would 
serve as an important observational constraint. Besides, 
it is interesting that the apparently metal-deficient stars 
with A{Fe) ~ 6.9-7.0 (a Lyr and HD 218396=HR 8799) 
almost follow the same A(Na)-A(Fe) relation defined by 
Am and normal stars with 7.3 ^ [Fe/H] < 8.0. Since these 
two stars are known to be Vega-like stars (which may 
be related to so-called A Boo stars; see, e.g., Kamp & 



Paunzcn 2002, Paunzen et al. 2002), there might be some 
connection between Am and A Boo anomalies. (See also 
the last paragraph of subsection 2.3.) 

4-2. Lithium 

According to figures lib and lib', we do not sec any 
clear A{Fe)- as well as WeSini-dependence in ^(Li) which 
has values around or slightly lower than the solar-system 
abundance of ~ 3.3. This may suggest that Am and nor- 
mal A-type stars do not show any manifest difference in 
terms of their surface Li abundances. 

We recognize, however, a tendency of Toff-dependence 
for late A-type stars in the sense that ^(Li) gradually de- 
creases from - 3.3 {T^s - 8000 K) to - 3.0 (T^s - 7000 K) 
while such a systematic trend is not seen for early A-type 
stars (Toff ^ 8500 K) where A(Li) tends to be around the 
solar system abundance of ^ 3.3 (figure 8c). This Toff- 
dependent tendency of A{Li) in late-A stars is also ob- 
served in figure 2 of North et al. (2005), and is more or 
less consistent with the theoretical prediction by Richer 
et al. (2000; cf. figure 14 therein). 

It should be noted, however, that several stars appar- 
ently deviate from this general trend and show consider- 
able Li-deficiencies (i.e., only the upper limit was derived 
since the Li line could not be detected). Here, especially 
important are the following 4 stars: HD 204188 (7622 K, 

< 2.77), HD 141795 (8367 K, < 3.16), o Peg (9453 K, 

< 2.94), and a CMa (9938 K, < 3.18). What makes such 
an exceptional depletion of Li? All these arc classified as 
Am stars (o Peg is also an Am star according to Adelman 
1988, though the conventional type of Al IV is given in 
table 1), though Am alone can not be the condition to trig- 
ger such a marked underabundance of Li, because there 
arc a number of other Am stars that do show normal be- 
havior of Li. Actually, most of the present sample of low 
Uq sin i stars more or less show some degree of chemical 
peculiarities. In this connection, Burkhart and Coupry 
(1991a) stated (based on their study of late A-type stars) 
that "occurrence of Li-deficient stars is not exceptional 
without any clearcut division between normal and Am 
stars." Yet, as far as early A-type stars are concerned, 
the fact that Li tends to remain almost unaffected in near- 
normal stars such as 7 Gem (believed to have almost the 
solar abundances; e.g., Adelman & Philip 1996, Lehmann 
ct al. 2002) and tt Dra (which were previously considered 
as normal even though later found to have only weak Am 
anomaly; cf. Sadakane & Okyudo 1990) might suggest the 
existence of some connection between the conspicuous Li 
deficit of a CMa or o Peg and their Am phenomenon. 

Here, we have to remark that the conclusion of Paper I 
(the photospheric Li abundance of o Peg almost coincides 
with that of the solar-system composition; cf. Appendix 
A therein), which was based on the EW (Li 6708) value 
of 1.3 mA taken from table 1 of Coupry and Burkhart 
(1992), was not correct. As can be seen from figure 7, the 
Li I 6708 line is not detectable even on the spectrum of 
S/N ~ 1000; and wc derived the upper limit of its equiva- 
lent width as EW{6708) < 0.5 mA (cf. the electronic ta- 
bic E) following equation (1). Wc suspect, therefore, that 
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Coupry and Burkhart (1992) misidentified/mismeasured 
this line, since the quality of their spectrum with typical 
S/N of ^ 300 (cf. section 1 therein) is evidently insuf- 
ficient for measuring such an extremely weak line. Our 
revised conclusion for o Peg is A(Li) ^ 2.94, which means 
that its photospheric Li abundance is at least by ^ 0.4 dex 
deficient compared to the solar-system value. 

4-3. Potassium 

Regarding A{K), we can observe (from figure 10c) a 
trend in terms of Teg just similar to the case of A(Li): 
A{K) of late A-type stars appears to systematically de- 
crease from - 5.0 {T^s - 8500 K) to - 4.6 (Toff ~ 7500 K), 
while such a systematic trend is not seen for early A-typc 
stars (Tcff ^ 8500 K) where A(K) is almost solar around 
^ 5.0 (an exception is o Peg which shows a clearly subso- 
lar abundance of ~ 4.7). Meanwhile, it also appears that 
A(K)'s of late A-type stars are weakly dependent upon 
A{Fe) as well as UeSini in the sense that K gets more de- 
ficient as the Am anomaly becomes stronger (cf. the red 
circles in figures 11c and 11c'). Accordingly, the deficiency 
of K (particularly seen in late-A stars of T^s ^ 8500 K) 
may be controlled by two factors (Tes and the degree of 
Am peculiarity). 

Richer et al's (2000) simulation based on the the- 
ory of atomic diffusion (along with radiative accelera- 
tion) predicts a small overabundance of K at higher Tee 
10000 K) region, whereas a marginal underabundance 
is expected at the lower Tcs side 7000 K) (cf. figure 14 
therein). Such a predicted trend of positive dA{K)/dTcs 
gradient is in qualitative agreement with what we found 
from figure 10c. 

As mentioned in section 1, K-abundance determinations 
of A-type stars have so far been tried only by Fossati et 
al. (2007) in their LTE analysis of the K I 7699 hue for 
late-A stars in the Praesepe cluster. According to their 
results for 5 stars, we see ([K/H])lte - +0.2 (±0.3) (cf. 
figure 10 and table 3 therein). Considering that the typical 
(negative) non-LTE corrections amount to ^ 0.3-0.4 dex 
at the relevant Toff range (cf. figure 10b), we may state 
that their results would turn out to be mildly subsolar 
when the non-LTE effect is taken into consideration, and 
become more consistent with our conclusion. 

5. Conclusion 

Motivated by the fact that our current understand- 
ing on the abundances of alkali elements in A-type stars 
is considerably insufficient, we conducted a comprehen- 
sive non-LTE analysis to establish the photospheric abun- 
dances of Na, Li, and K for 24 selected sharp- lined A-type 
stars (ucsini<50 km 7000 K <Tcff < 10000 K), many 
of which are Am stars showing different degree of chemical 
peculiarity. 

For this purpose, we primarily invoked the spectra of 
moderately high-dispersion {R ^ 45000) and high S/N 
ratio (typically a few hundreds) obtained with BOES 
at BOAO/Korea, though spectra of much higher qual- 
ity {R ~ 100000 and S/N > 1000) secured with HIDES 



at OAO/ Japan were additionally used for 7 apparently 
bright stars (mostly of early A-type). 

We first carried out spectrum fitting analyses applied 
to the 6146-6163 A region and derived ^, UoSini, A{0), 
and A(Fe), from which the degree of Am characteristics 
for each star could be confirmed. 

The abundances of sodium, which were determined by 
the spectrum fitting method applied to the region com- 
prising Na I 5682/5688 lines, revealed a significant trend 
that A(Na) tightly scales with A(Fe), which means that 
Na becomes enriched similarly to Fe in accordance with 
the degree of Am phenomenon. This result should be re- 
garded as important because it seriously contradicts the 
prediction from the atomic diffusion theory. 

Regarding lithium, A(Li) derived from the weak Li i line 
at 6708 A showed a tendency of Toff-dependence for late 
A-type stars in the sense that A(Li) gradually decreases 
from - 3.3 (Toff ~ 8000 K) to - 3.0 (Toff - 7000 K), while 
A{Li) for early A-type stars (Toff > 8500 K) tends to be 
around the solar system abundance of '~ 3.3. However, 
several stars apparently deviating from this general trend 
and showing marked underabundances do exist, though 
what triggers such a Li deficiency is not clear. 

The abundances of potassium derived from the K i 7699 
line revealed a tendency somewhat similar to the case of 
lithium: An apparent Tcff-dependence (and possibly with 
a weak anti-correlation with Am peculiarity) exists for 
late-A stars where A{K) tend to be mildly subsolar sys- 
tematically decreasing from ~ 5.0 (Toff ^ 8500 K) to ^ 4.6 
(Toff ~ 7500 K), whereas those for most early- A stars re- 
main near-solar around ~ 5.0-5.2. 

When these observational facts are compared with the 
theoretical prediction of Richer et al. (2000) or Talon et 
al. (2006) based on their atomic diffusion calculations, a 
serious discrepancy is found for Na (almost no anomaly 
or slightly subsolar tendency is predicted, while an enrich- 
ment of Na just like Fe is suggested from our analysis), 
though the simulated results appear to qualitatively repro- 
duce the general trends observed for Li and K. Further im- 
provement and development on the theoretical side would 
be desirably awaited to explain the results concluded in 
this study, which may serve as important constraints for 
any theory aiming to account for the origin of chemical 
anomalies in Am stars. 
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Table 1. Basic data of tlie program stars and the results of the analysis. 



HD# 


HR# 


Name 


Sp.type 








; sin i 




Ao 






Ai, 


Remark 














[BOAO 


sample] 














195725 


7850 


e Cep 


A7III 


7816 


3.74 


4.45 


52.0 


7.60 


8.47 


3.27 


6.35 


4.81 






95418 


4295 


P UMa 


AlV 


9489 


3.85 


1"2.50 


46.8 


7.73 


8.45 


(<4.34) 


6.45 


(<5.47) 






27819 


1380 


5^Tau 


A7V 


8047 


3.95 


3.93 


46.5 


7.45 


8.78 


3.35 


6.23 


4.88 


H 




43378 


2238 


2 Lyn 


A2Vs 


9210 


4.09 


1"2.10 


45.4 


7.34 


8.70 


(<4.07) 


6.13 


(<5.18) 






218396 


8799 




A5V 


7091 


4.06 


1'3.00 


41.4 


6.90 


8.88 


2.82 


5.83 


5.01 


Vej 


^a-like star 


84107 


3861 


15 Leo 


A2IV 


8665 


4.31 


3.57 


38.1 


7.50 


8.62 


(<3.44) 


6.21 


4.93 






33204 


1670 




A5m 


7530 


4.06 


4.14 


36.4 


7.76 


8.46 


3.11 


6.47 


4.72 


H 




204188 


8210 




A8m 


7622 


4.21 


^3.90 


35.3 


7.50 


8.74 


(<2.77) 


6.24 


4.75 






141795 


5892 


e Ser 


A2Vm 


8367 


4.24 


4.04 


34.4 


7.72 


8.17 


(<3.16) 


6.46 


5.02 






173648 


7056 


C'Lyr 


A4m 


8004 


3.90 


4.73 


32.4 


7.74 


8.31 


3.21 


6.47 


4.82 






27628 


1368 


60 Tau 


A3m 


7218 


4.05 


4.74 


32.3 


7.74 


8.43 


3.03 


6.46 


4.75 


H 




28546 


1428 


81 Tau 


A5m 


7640 


4.17 


3.63 


28.1 


7.74 


8.58 


3.11 


6.47 


4.86 


H 




172167 


7001 


Of Lyr 


AOVa 


9435 


3.99 


1.85 


21.9 


6.96 


8.63 


(<3.84) 


6.00 


(<5.38) 


Ve^ 


;a-like star 


60179 


2891 


a Gem 


AlV 


9122 


3.88 


2.33 


19.7 


7.52 


8.42 


(<3.71) 


6.15 


5.10 






95608 


4300 


60 Leo 


Aim 


8972 


4.20 


2.93 


17.2 


7.84 


8.19 


(<3.43) 


6.46 


5.32 






48915 


2491 


Q CMa 


AlVm 


9938 


4.31 


^2.53 


16.5 


7.89 


8.41 


(<4.01) 


6.52 


(<5.19) 






27749 


1376 


63 Tau 


Aim 


7448 


4.21 


3.90 


12.7 


7.97 


8.25 


3.09 


6.56 


4.50 


H 




33254 


1672 


16 Ori 


A2m 


7747 


4.14 


3.07 


12.2 


7.99 


8.18 


(<2.53) 


6.60 


4.66 


H 




72037 


3354 


2 UMa 


A2m 


7918 


4.16 


2.48 


11.6 


7.89 


7.98 


(<2.55) 


6.53 


4.66 






47105 


2421 


7 Gem 


AOIV 


9115 


3.49 


1.81 


10.9 


7.55 


8.76 


(<3.50) 


6.35 


4.90 






27962 


1389 


68 Tau 


A2IV 


8923 


3.94 


3.44 


10.4 


7.73 


8.54 


(<3.23) 


6.46 


5.22 


H 
















[OAO sample] 
















182564 


7371 


TT Dra 


A2IIIS 


9125 


3.80 


3.43 


27.3 


7.83 


8.48 


3.47 


6.65 


4.98 






172167 


7001 


a Lyr 


AOVa 


9435 


3.99 


1.90 


21.9 


6.97 


8.63 


3.21 


6.05 


5.13 


Vei 


;a-like star 


48915 


2491 


oi CMa 


AlVm 


9938 


4.31 


2.53 


16.6 


7.89 


8.42 


(<3.18) 


6.59 


5.15 






47105 


2421 


7 Gem 


AOIV 


9115 


3.49 


2.49 


11.1 


7.48 


8.74 


3.17 


6.33 


5.19 






189849 


7653 


15 Vul 


A4III 


7870 


3.62 


5.16 


10.7 


7.34 


8.65 


3.03 


6.31 


4.60 






27962 


1389 


68 Tau 


A2IV 


8923 


3.94 


3.99 


10.5 


7.69 


8.54 


3.17 


6.46 


5.10 


H 




214994 


8641 


o Peg 


AlIV 


9453 


3.64 


3.07 


6.0 


7.63 


8.52 


(<2.94) 


6.46 


4.74 







Note. 

In columns 1 through 6 are given the HD number, HR number, star name (with constellation), spectral type (taken from 
Hoffleit 1982), effective temperature (in K), and logarithmic surface gravity (in cm s~^). Columns 7 through 10 show the results 
derived from 6146-6163 A region fitting: the microturbulent velocity (in km s^^), projected rotational velocity (in km s^^), 
(LTE) abundance of Fe, and (non-LTE) abundance of O. The non-LTE abundances of Li, Na, and K finally resulting from this 
investigation are presented in columns 11-13. All abundance results are expressed in the usual normalization of AiW) = 12.00. 
In each of the BOAO ans OAO samples, the objects are arranged in the descending order of WoSini. In the remark in column 
14, Hyades cluster stars are denoted with "H" . 

^Regarding these ^ values, literature values were adopted unlike the others, because the ^-determination from the 6146-6163 A 
region fitting did not work successfully. See subsection 2.3 for more details. 
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Table 2. Atomic data of important lines relevat to the analysis. 



Desig. 


Species 


A(A) 


Xiow (eV) 




Li 6708 


Li I 


6707.756 


0.00 


-0.43 




Li I 


6707.768 


0.00 


-0.21 




Li I 


6707.907 


0.00 


-0.93 




Li I 


6707.908 


0.00 


-1.16 




Li I 


6707.919 


0.00 


-0.71 




Li I 


6707.920 


0.00 


-0.93 


O 6156 


O I 


6155.961 


10.74 


-1.40 




I 


6155.971 


10.74 


-1.05 




I 


6155.989 


10.74 


-1.16 


O 6157 


O I 


6156.737 


10.74 


-1.52 




O I 


6156.755 


10.74 


-0.93 




I 


6156.778 


10.74 


-0.73 


O 6158 


O I 


6158.149 


10.74 


-1.89 




O I 


6158.172 


10.74 


-1.03 




O I 


6158.187 


10.74 


-0.44 


Na 5682 


Na I 


5682.633 


2.10 


-0.70 


Na 5688 


Na I 


5688.20^ 


2.10 


-0.40t 


Na 6154 


Na I 


6154.226 


2.10 


-1.56 


Na 6160 


Na I 


6160.747 


2.10 


-1.26 


Si 5684 


Si I 


5684.484 


4.95 


-1.65 


Si 5688 


Si 11 


5688.817 


14.19 


+0.40 


Si 6155 


Si I 


6155.134 


5.62 


-0.40 


S 7696 


S I 


7696.758 


7.87 


-0.89 


K 7699 


K I 


7698.974 


0.00 


-0.17 


Ca 6162 


Ca I 


6162.173 


1.90 


+0.10 


Sc 5684 


Sc 11 


5684.202 


1.51 


-1.05 


Fe 5686 


Fe I 


5686.524 


4.55 


-0.63 


Fe 6147 


Fe 11 


6147.741 


3.89 


-2.72 


Fe 6149 


Fe 11 


6149.258 


3.89 


-2.72 


Fe 6150 


Fe 11 


6150.098 


11.45 


-3.26 


Fe 6157 


Fe I 


6157.725 


4.08 


-1.26 


Fe 6705 


Fe I 


6705.101 


4.61 


-1.50 


Fe 6708 


Fe 11 


6708.885 


10.91 


-0.52 


Ni 5682 


Ni I 


5682.198 


4.11 


-0.47 



Note. 

All data are were taken from Kurucz & Bell's (1995) compilation, except for those of Li I which were adopted from Smith ct al. (1998) as in 
Takcda and Kawanomoto (2005). 

''^Since this line comprises two close components of stronger \oggf — —0.450 (at 5688.205 A) and weaker log 5/ — —1.400 (at 5688.194 A), we 
adopted \oggf — —0.40 as the sum of these two. Regarding the Li l lines, we considered only the lines of 'Li, since we neglected *^Li in our analysis. 



